Hippo signalling pathway has emerged as a key size regulatory pathway that restricts cell proliferation and promotes apoptosis simultaneously to regulate organ size in flies and vertebrates. 1, 2 At the centre of the Hippo signalling pathway is a core kinase cascade composed of two Serine/Threonine-specific kinases Hippo (Hpo) [3] [4] [5] [6] [7] and Warts (Wts), 8, 9 and their adaptor proteins Salvador 10, 11 and Mob as tumour suppressor (Mats). 12 The kinase cascade inactivates the oncoprotein Yorkie (Yki), 13 which acts as a transcriptional co-activator of the Hippo pathway, and responds to multiple upstream regulators like the FERM-domain containing proteins Expanded (Ex) and Merlin (Mer), 14 the WW-and C2-domain containing protein Kibra, [15] [16] [17] and the single-pass trans-membrane proteins Crumbs (Crb) [18] [19] [20] and Fat. [21] [22] [23] [24] Yki partners with at least three transcription factors, Scalloped, Homothorax and Teashirt, 1 to regulate transcription of genes regulating cellular growth (myc, bantam), cell cycle progression (cyclinB, cyclinD, cyclinE, e2F1) and inhibition of apoptosis (diap1). Hippo signalling also transcriptionally regulates several upstream components by feedback regulation, for example, mer, ex, four-jointed, kibra and crb. 1 With its multiple inputs and targets, Hippo signalling has emerged as a pleiotropic pathway that acts in a context-dependent and tissue-specific manner to regulate organ size.
According to current models of Hippo signalling, activated Hpo can bind Sav, and phosphorylate Wts and its co-factor Mats, promoting Mats-Wts complex formation and increased Wts kinase activity. Activated Wts/Mats phosphorylates and inhibits Yki. 1 Alternatively, Hpo, Wts and Ex can directly interact with Yki in a phosphorylation-independent manner leading to cytoplasmic sequestration and inhibition of Yki activity. 1 Loss of Hippo signalling causes overgrowth in organs as mutant cells proliferate faster than wild-type cells and are resistant to developmentally regulated proapoptotic signals, which normally eliminate extra cells in a growing organ. 2 Hyperactivation of Hippo signalling in flies, by overexpression of Hpo, Sav, Mats and Wts has been shown to induce cell death and form smaller organs. 6, 7, 25 The proapoptotic gene hid and the bantam microRNA are induced in response to overexpression of Hippo pathway components; however, the molecular mechanism of Hippo-mediated cell death remains unclear. 2 In this study, we investigated genes in the intrinsic cell death pathway to identify the mechanism of Hpo-mediated cell death. Our studies demonstrate that the Hippo pathway regulates Dronc (Drosophila Nedd-2-like caspase orthologous to human Caspase 9) levels to control both cell proliferation and cell survival, to regulate organ size.
Dronc encodes a caspase (cysteine protease) that forms the core of the apoptotic cell death machinery. 26, 27 Caspases are synthesised as inactive zymogens that are activated by proteolytic cleavage regulated by the inhibitor of apoptosis (IAP) protein family. In flies, the Drosophila IAP (DIAP1) ensures cell viability by directly binding to caspases and regulating their activities in an ubiquitin-dependent manner. 28 In response to apoptotic stimuli, Reaper, Hid and Grim (RHG) proteins bind the BIR domain of DIAP1 resulting in ubiquitination and proteosomal degradation of DIAP1, and activation of the caspase cascade in a Dark (Drosophila Apaf-1-related killer a.k.a dAPAF-1, Drosophila apoptosis promoting factor-1-like adaptor protein) -dependent manner. This involves the initiator caspase Dronc and the effector caspases Drice and DCP1. 28, 29 Both DIAP1 and Dronc are expressed ubiquitously, but they have opposite roles in apoptosis. Loss of diap1 triggers caspase-mediated cell death, 28 whereas loss of dronc blocks most apoptosis in flies. 26, 27, 30 DIAP1 is activated by multiple mechanisms like auto-activation, post-transcriptional regulation by RHG proteins and transcriptional regulation by the Hippo pathway. 6, 7 Dronc is activated by an autocatalytic mechanism 31 and post-transcriptionally by Dark. 32 Dronc activity is regulated by degradative (DIAP1-dependent) and non-degradative (DIAP1-independent) mechanisms. 28 Overexpression of DIAP1 does not reduce Dronc levels or affect the catalytic activity of Dronc or target Dronc for degradation in living cells. Downstream of DIAP1, the overexpression of p35 (the baculovirus caspase inhibitor) inhibits Dronc-dependent cell death, but it does not inhibit Dronc. Here, we present evidences, suggesting that Hippo pathway regulates dronc transcription, and hyperactivation of Hippo signalling induces Dronc that contributes to apoptosis. Increased Dronc activity (via binding its adaptor Dark) can suppress the overgrowths caused by downregulation of Hippo signalling. Dronc loss of function causes increased proliferation and decreased apoptosis. In summary, our results suggest that Hippo signalling components need to control Dronc activity levels to control cell proliferation and cell survival.
Results
Overexpression of Hippo signalling components induces Caspase-dependent cell death. We overexpressed Hpo in the developing eyeantennal discs using the GMR-Gal4 driver (Figure 1a) . Overexpression of Hpo (GMR-Gal4 UASHpo, Figure 1b ) in the GMR domain induced massive cell death (activated Drice, Figure 1c and d) without disrupting cell differentiation or patterning (ELAV Figure 1c) in the eyeantennal discs. In mid-pupal retina (B24 h APF), both photo-receptor and pigment cells continued to die precociously (Figure 1e and f) . In comparison, in wild-type pupal retinae cell death occurs prominently in the pigment cells, and around the retinal boundary (Figure 1i ). Compared with wild-type adult eyes (Figure 1g ), Hpo overexpressing adult flies are arrested as pharates at RT, and at 18 1C show small rough eyes (Figure 1h ). Hpo overexpression caused apoptosis in all epithelial tissues, for example, in the wing discs short pulses of Hpo overexpression using heat shock (hsp70)-Gal4 caused apoptosis (Figure 1i , k and l). In comparison, very few cells undergo apoptosis in wild-type wing discs (Figure 1j ). Thus, consistent with previous findings, overexpression of Hippo leads to the activation of cell death in all growing organs. Co-expression of Yki and Hpo in eyeantennal discs (GMR-Gal4 UASYki, UASHpo) completely rescued the small eye phenotype of Hpo activation (Supplementary Figure S1 ). This suggests that Hpo exerts its apoptotic effects via the classical pathway involving the Yki co-activator. Genetic epistasis experiments revealed that Hpo acts upstream of the pro-apoptotic genes as in cells mutant for Df(3L)H99 (that uncovers the region of the RHG genes), overexpression of Hpo fails to induce apoptosis (Supplementary Figure S2) . Thus, Hpo requires pro-apoptotic genes (RHG) to induce apoptosis (Supplementary Figure S2) .
Diap1 levels remain unchanged in Hpo overexpressing cells. Given that Diap1 is a transcriptional target of the Hippo signalling pathway, and the pro-apoptotic genes act upstream of Diap1, we tested if overexpression of Hpo leads to downregulation of diap1 levels. We found that in GMRGal4 UASHpo eyeantennal discs (Figure 2e 6,7 nub-Gal4 drives expression of transgenes in the wing pouch (nub-Gal4 UASGFP, Figure 2n ). diap1-4.3-GFP expression remains unchanged in nub-Gal4 UASHpo wing discs (Figure 2k and l) . This result was intriguing as cell death occurred in Hpo-overexpressing cells despite normal DIAP1 expression. DIAP1 overexpression is known to block apoptosis in several apoptotic contexts (e.g., overexpression of Hid). 28 As Hpo overexpressing cells induced high levels of cleaved Caspase 3 (Casp3*), a 'functional read-out' of Dronc activity, 33 we tested Dronc expression in cells overexpressing Hpo.
Hippo induces Dronc, and requires elevated Dronc activity levels to induce apoptosis. Compared to wild type (Figure 2d and i) , overexpression of Hpo induces upregulation of Dronc expression in the eyeantennal (GMR-Gal4 UASHpo, Figure 2h ), and the wing discs (nubGal4 UASHpo, Figure 2m ). Assessment of Dronc protein levels by semi-quantitative western blots further supports this observation (Figure 2o ). To understand the Hpo Dronc interaction, we tested the effects of Dronc overexpression ( Figure 3, Supplementary Figure S4 ). In the eyeantennal discs, overexpression of pro-Dronc (GMR-Gal4 UASproDronc, Figure 3c ) induces cell death (Casp3*, Figure 3b) , without affecting the levels and localisation of Hpo (Supplementary Figure S4) or Yki (Supplementary Figure S4) . Consistent with earlier data, 27 the adult eyes appear normal sized, and show a 'spotty-pigmented-eye' phenotype ( Figure 3a) . Overexpression of Hpo (GMR-Gal4 UASHpo) results in a 'small-eye' phenotype in the adult (Figure 3d Figure S4) . GMR-Gal4 UASHpo, UASproDronc larvae develop into pharate adults with small eyes and show increased cell death (Figure 3g ) compared with eyes from GMR-Gal4
UASproDronc (Figure 3a) or GMR-Gal4 UASHpo (Figure 3d ) animals. Thus, hpo genetically interacts with dronc.
The catalytically inactive form of Dronc acts as dominant negative, and is known to suppress cell death in the Hid/ Reaper pathway. 27 Adult eyes of flies overexpressing dominant-negative Dronc (GMR-Gal4 UASDNproDronc) appear phenotypically normal (Figure 3j ), and precocious cell death is not induced in these eyeantennal discs (as measured by expression of Casp3*) (Figure 3k ). To test if apoptosis induced by Hpo requires dronc function, we co-expressed dominant-negative Dronc with Hpo (GMR-Gal4 UASHpo, DNproDronc) (Figure 3m RNAi stained for Hpo (green) and apoptosis (TUNEL, red). nub-Gal4 UASHpo discs were identified by the upregulated levels of Hpo expression (green) in the nub-Gal4 domain using an antibody against Hpo. Note that the extensive cell death caused by Hpo over expression (q and r) is suppressed by downregulation of Dronc levels (t and u). However, downregulation of Dronc does not affect Hpo expression (compare q with t). The areas magnified in q, r, t, u are boxed in white in p and s. Orientation of images is identical in all panels Dronc activity can suppress the effects of downregulation of Hippo signalling.
This effect could either be due to the pro-apoptotic effects of Dronc, or Yki-expressing cells may show reduced proliferation when Dronc is overexpressed. To distinguish between these possibilities, we marked cells entering M-phase of cell division with Phospho-Histone H3 (PH3) antibody, and cells undergoing apoptosis with TUNEL. In wild-type eyeantennal discs, the pattern of cell division is random anterior to the MF, whereas posterior to the MF, the cells undergo cell cycle arrest and divide once in the second mitotic wave (SMW, Figure 4b ). In comparison, not many cells undergo apoptosis at this stage of development in wild-type eyeantennal discs (Figure 4c ). Overexpression of Yki (GMR-Gal4 UASYki) resulted in high levels of PH3 expression posterior to the SMW in the GMR domain, indicating ectopic proliferation (Figure 4e ), whereas little apoptosis was seen in the eyeantennal discs (Figure 4f ). Overexpression of pro-Dronc alone (GMR-Gal4 UASproDronc) shows no effect on PH3 levels ( Figure 4k ) and mild affect on apoptosis (Figure 4l ) compared to wild type (Figure 4b and c) . Co-expression of proDronc in Yki-expressing cells (GMR-Gal4 UASYki, UASproDronc) showed fewer PH3-positive mitotic cells (Figure 4h) , and a dramatic increase in TUNEL labelling (Figure 4i ), compared to GMR-Gal4 UASYki (Figure 4e and f) . Thus, the reduction in the size of GMR-Gal4 UASYki, proDronc eyes could be attributed to both decreased proliferation and increased apoptosis in cells where Hippo signalling is downregulated.
Dronc activity levels affect Hippo function. Dronc requires Dark to form the apoptosome holoenzyme, and they act in a feedback inhibitory loop to regulate caspase activation. 32 To further investigate the effect of Dronc activity levels on the regulation of cell death, we co-expressed Dronc with its binding partner Dark. Overexpression of Dark in the developing eyeantennal discs (GMR-Gal4 UASDark) does not induce significant apoptosis. 32 Co-expression of Dark and Dronc together (GMR-Gal4 UASDark, UASproDronc, UASGFP) induced massive apoptosis in the eyeantennal discs (Figure 5a and b) and adult eyes (Figure 5c) . 32 This phenotype is comparable to the GMR-Gal4 UASHpo phenotype (Figure 1h ). Co-expression of Dark, Dronc and Hpo (GMR-Gal4 UASDark, UASproDronc, UASHpo) induced massive apoptosis in the eyeantennal disc (Figure 5d and e) and adult (Figure 5f ). This phenotype (Figure 5d and f) appears stronger compared with the controls (Figure 5c ) because both photoreceptor and pigment cells are eventually eliminated in animals co-expressing Hpo (Figure 5e ). In all experiments where we co-expressed Dark and Dronc, we observed that Dronc is expressed strongly in a band (Figure 5a and d) that roughly corresponds with the band of Casp3* (Figure 5b and e) , indicating the region in which Dronc activity is high. Thus, our data suggest that Hpomediated apoptosis is enhanced by increased Dronc activity. We next tested if Hippo-mediated regulation of cell proliferation is affected by increased Dronc activity (Figure 5g-i) . Co-expression of Dark and Dronc with Yki (GMR-Gal4 UASDark, UASproDronc, UASYki) completely suppressed the overgrowth phenotype of Yki overexpression (Figure 5i ), due to induction of apoptosis (Figure 5h ) in response to increased Dronc activity (Figure 5g ). In summary, these data further validate our hypothesis that Dronc acts genetically downstream of Hpo, and keeping Dronc activity levels under control are important for Hippo to regulate both cell proliferation and cell death.
Loss of dronc induces excess proliferation and cell survival. So far our data suggests that decreased Dronc levels coincide with increased cell proliferation (Figure 4d and e). To directly test if dronc affects cell proliferation, we compared growth rates of wild-type and dronc mutant cells in genetic mosaics (Figure 6a and b) generated using the eyFLP system. 11 In wild-type controls (Figure 6a ), the adult eye is comprised of roughly equal number of white and red cells, indicating that the growth rates for both cell populations are comparable. The adult eyes mosaic for dronc mutant cells are predominantly white (Figure 6b ). This indicates that dronc mutant cells (Figure 6b , white) proliferate faster than wild-type cells (red) and out-compete them. Next, we compared the size of dronc mutant clones to their wild-type twin spots for three null alleles dronc
I24
, dronc I29 and dronc 2 in wing discs to rule out the effects of background mutations. 34 We also confirmed that dronc
, dronc I29 and dronc 2 failed to complement dronc 51 . Compared to wild-type clones (Figure 6c and d) , the size of dronc I24 mutant clones is much larger than their wild-type twin spots (Figure 6e and f) , and the difference in cell numbers is significant when assessed using the t-test (Po0.003). The same experiment with dronc I29 and dronc 2 showed similar difference (data not shown). We also tested PH3 expression in dronc mutant clones (Figure 6g -g 00 ) and found that loss of dronc induced ectopic proliferation (Figure 6g 00 ). Compared with wild type (Figure 6h ), Hippo pathway mutants show robust survival of extra pigment cells (Figure 6i) ) also showed extra interommatidial pigment cells in the pupal retina (Figure 6j) . 34 Taken together, our data demonstrates that dronc affects cell proliferation and developmental cell death.
Our data suggests that dronc may be directly controlled by Hippo signalling. To investigate this, we analysed the expression of a dronc-transcriptional reporter (dronc -lacZ appears to be not as dramatically suppressed, perhaps due to perdurance of the b-galactosidase. However, in wts mutant cells the expression of dronc 1.7 kb -lacZ is strongly suppressed throughout the eyeantennal discs (Figure 7d-d  00 ) . Overexpression of Hpo in the eyeantennal (GMR-Gal4 UASHpo, data not shown) or wing disc (nub-Gal4 UASHpo, Figure 7f 0 ) results in robust induction of dronc 1.7 kb -lacZ (Figure 7f 0 ) expression. Thus, dronc is a transcriptional target of the Hippo signalling pathway.
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Discussion
During organogenesis, optimum levels of Hippo signalling are crucial for maintaining tissue homoeostasis. Our analysis of the regulation of cell death by overexpression of Hpo (Figure 1) 3,4,6,7 revealed that Hpo requires its own signalling pathway involving the transcriptional co-activator Yki (Supplementary Figure S1) , and pro-apoptotic genes of the intrinsic cell death pathway to induce cell death (Supplementary Figure S2) . We found that overexpression of Sav, Wts or Hpo does not accompany changes in Diap1 levels ( Figure 2, Supplementary Figure S3) . Thus, it is Figure 6j) The pigment cells for one wild-type (h) and one dronc mutant (j) ommatidium are numbered and marked by yellow lines. Magnification is identical for adult flies (a and b), imaginal discs (d, e, g 0 -g 00 ) and pupal retinae in h-j. Imaginal discs in panels g is at a lower magnification (20 Â ) possible that in Hpo overexpressing cells diap1 levels may not be detectably altered or that more sensitive assay may be required to resolve the effects of Hpo overexpression on regulation of Diap1 expression. As overexpression of Sav, Wts or Hpo caused robust induction of activated Caspase 3 (Drosophila Drice/Casp3*), we decided to test if the initiator caspase Dronc that controls Casp3* activation is regulated by the Hippo pathway. Here, we show that dronc, the Drosophila homologue of mammalian Caspase9 and a member of the intrinsic cell death pathway is a novel target of the Hippo pathway. We show that Hippo signalling regulates dronc levels to control tissue size, and Dronc genetically acts downstream of Hpo. dronc mutants show increased proliferation and decreased apoptosis, a phenotype shared by several tumour suppressor genes within the Hippo pathway (e.g., hpo, sav, wts).
We present several lines of evidence indicating that Dronc may be important for Hippo functions. First, the levels of Dronc expression and activity correlate with increased or reduced Hippo activity levels. Dronc is induced when Hpo is overexpressed (Figure 2h and m) , and suppressed when Hippo signalling is downregulated (Figure 4d ). Dronc activity was monitored by the expression of activated Casp3*, which is induced (Figure 3b ) in cells showing high levels of active Dronc (e.g., in GMR-Gal4 UASproDronc) and suppressed ( Figure 3k ) in cells where Dronc activity is reduced (e.g., in GMR-Gal4 UASDNproDronc). When Dronc activity is high coexpression of Hpo (GMR-Gal4 UASproDronc, UASHpo) leads to increased cell death (Figure 3h) , however, when Dronc activity is reduced by overexpression of UASDNproDronc coexpression of Hpo (GMR-Gal4 UASDNproDronc, UASHpo) is unable to induce cell death (Figure 3n) . Second, dronc genetically interacts with members of the Hippo pathway (Figures 3 and 4) . Genetic epistasis experiments (Figure 3j-u) show that Hpo requires dronc to induce cell death, and Hpomediated apoptosis can be suppressed when dronc is downregulated (Figure 3s-u) . Thus, dronc acts downstream of Hpo. Third, increased Dronc activity suppresses the overgrowth phenotypes of loss of Hippo signalling (Figure 4g-i) . Co-expression of Yki and proDronc showed that increased Dronc levels led to reduced cell proliferation and increased cell death (Figure 4h and i) , suggesting that dronc levels need to be regulated in order for Hippo pathway to control organ size. Co-expression of Dark and Dronc can suppress the overgrowth phenotype of Hippo pathway components as well as enhance the cell death induced by Hpo overexpression (Figure 5 ). The Dronc Dark interactions show that Hpo-induced cell death is mediated through Dronc activity as cell death (Casp3*, Figure 5e and h) is seen only in the cells where Dronc is upregulated (Figure 5d and g ). Taken together, our data suggests the Hippo signalling pathway components control Dronc activity levels to control cell proliferation and cell survival.
Analysis of dronc loss of function reveals that dronc mutant cells proliferate faster than their wild-type neighbours (Figure 6a-f) . dronc mutant cells show ectopic cell division posterior to the SMW (Figure 6g-g 00 ), indicating that dronc mutant cells continue to divide when wild-type cells have stopped dividing. In addition, dronc mutant cells show extra cell survival as seen in mid-pupal retina that shows extra interommatidial cells (Figure 6h-j) . Thus, dronc may be required to regulate both cell proliferation and apoptosis. It is interesting to note that all alleles of dronc are semi-lethal, and several of them cause homozygous larvae to enter an extended larval period (of up to 12days) during which the larvae develop hyperplasia of the brain lobes, imaginal discs and circulating hemocytes, melanotic tumours and increased larval body size. 34, [36] [37] [38] These observations strongly support our findings that dronc mutants have defects in the control of cell proliferation, and in addition, there is decreased apoptosis that contributes to their mutant phenotype.
Other evidence shows that mutants of Drosophila APAF-1 (or ark or hac-1) have a growth advantage, as strong ark alleles have been identified in screens involving mitotic recombination where the mutant clones (ark À / À ) were larger than the wild-type twin spots. 39 These ark mutants (point mutations and deletions) were recovered from the same screen that yielded two hpo mutants. 4 Furthermore, these strong ark mutants show similar pupariation defects as dronc mutants; and hyperplasia of the brain lobes and imaginal discs. 39 These findings further support the idea that genes involved in the regulation of apoptosis may have growthregulatory functions.
It is interesting to note that like most Hippo pathway components Dronc is expressed ubiquitously. Our findings show that dronc is transcriptionally regulated by the Hippo pathway -loss of Hippo signalling leads to transcriptional suppression of dronc (Figure 7b and d) , whereas Hpo overexpression causes transcriptional induction of dronc (Figure 7f ). Thus, it is likely that loss of function of Hippo pathway causes dronc suppression that protects mutant cells from activation of caspases, and contributes to their overgrowth phenotype. Overexpression of Hippo pathway components, on the other hand, upregulates dronc expression and activation of the downstream effector caspases (Drice/ Casp3*) that results in cell death. In summary, we show that dronc is a novel transcriptional target of Hippo signalling.
We have developed a model ( Figure 7 ) to reconcile our findings with the current models of Hippo-mediated regulation of genes in the intrinsic cell death pathway. Hippo pathway is known to regulate cell death by transcriptional regulation of Hid, Diap1 3, 6, 7 and the bantam miRNA. 1 In normal cells there is a balance between diap1 expression and basal levels of activated caspases, and Hippo signalling maintains tissue homoeostasis by negatively regulating hid and dronc, and positively regulating diap1 (Figure 7 ). When cells experience stress (e.g., due to overexpression of Hpo), they activate the proapoptotic gene hid and the initiator caspase dronc downstream of the Hippo pathway to trigger apoptosis ( Figure 7) .
Both in flies and mammals, hyperactivation of Hippo or MST1/2 signalling is known to induce apoptosis. 1, 40 MST1/2 are known targets of caspases. Furthermore, YAP1/2 are known to interact with p73 via a PDZ domain in YAP, and induce apoptotic target genes. 40 However, these mechanisms of regulating apoptosis may not be conserved in flies because the site for caspase cleavage is not conserved in Drosophila Hpo, 6 and Drosophila Yki does not have the conserved PDZ domain. Thus, Hpo overexpression in flies induces apoptosis through an alternate mechanism that does not involve caspase cleavage or p73. Many cell-cell interactions are important for normal development or are initiated in response to tissue damage, for example, compensatory proliferation, cell competition and regeneration. The Hippo pathway has emerged as an important regulator of all these cell-cell interactions and Dronc is linked to the compensatory proliferation response. Our studies now link Dronc to the Hippo pathway and provide a possible mechanism by which Hippo signalling regulates cellular responses in Drosophila. Thus, in the future, it will be interesting to investigate the molecular mechanism underlying Hpo-mediated Dronc regulation, and if this interaction is conserved in higher vertebrates. -lacZ levels measured by pixel intensity values of m b-gal expression in the GMR-Gal4 domain from eyeantennal imaginal discs of wild-type and GMR-Gal4 UAS Yki larvae (n ¼ 5, Po0.05). Third instar wing imaginal discs from wild-type (e) and nub-Gal4 UASHpo/ dronc 1.7 kb À lacZ (f and f 0 ) larvae stained with a b-gal to detect dronc Overexpression using GAL4 UAS system. We have used GMR-GAL4 that drives expression of UAS-linked transgenes posterior to the morphogenetic furrow in the differentiating cells, and in post-mitotic cells of the developing eye (Figure 1a) . nub-GAL4 drives expression of UAs-linked transgenes in the wing pouch of the developing wing disc (Figure 2n ). Hsp70pb-GAL4 drives expression of transgenes following heat-shock induction. Hsp70pb-Gal4 UAS-Hpo larvae were heat shocked for 20 min by incubating at 37 1C in a water bath ( Figure 1I and j) .
Materials and Methods
Mosaic analysis. Mutant clones were induced in eyeantennal or wing discs using the FLP/FRT mitotic recombination system. We used three null alleles of dronc that were of independent origin; dronc 2 was obtained in a different mutagenesis screen a few months after the mutagenesis that resulted in the isolation of dronc I24 and dronc I29 (A Bergmann, personal communication). To generate dronc mutant clones (Figure 6 ), dronc FRT80B/TM6B virgin females, carrying either y w eyFLP or y w UbxFLP on the X chromosome, were crossed to either y w; P[w þ ]Ubi-GFP nls FRT80B/TM6B or y w; cell lethal P[w þ ] FRT80B/ TM6B male flies. Twin-spot analysis and immunohistochemistry was performed on mutant clones from these crosses. In Supplementary Figure S2 , Df(3L)H99 mutant clones were induced by out-crossing flies of the genotype y w; þ : Df(3L)H99 FRT80B to y w eyFLP; þ ; Ubi-GFP FRT80B. Similarly, the genetic epistasis experiment in Supplementary Figure S2 was done by crossing together y w eyFLP; GMR-Gal4; Ubi-GFP FRT80B and y w; UASHpo; Df(3L)H99 FRT80B flies.
Scanning electron microscopy (SEM), immunohistochemistry, TUNEL assay. Adult flies were processed for SEM by using the hexamethyldisilazane (HMDS) method with modifications. 11 Flies were fixed for a day in 70% acetone, and washed twice in 100% acetone for 4 h each. Acetone was then exchanged with HMDS through two washes in 1 : 1 acetone:HMDS and two washes in 100% HMDS over 2 days. Dehydrated flies were mounted on electron microscopic stubs. Flies were coated with gold using a Denton vacuum sputter coater and analysed using a Hitachi (Schaumburg, IL, USA) S-4800 High Resolution Scanning Electron Microscope (HRSEM). Eyeantennal and wing discs were dissected from wandering third instar larvae in 1 Â PBS and fixed in 4% paraformaldehyde (in PBS) for 20 min. They were washed three times with PBST (1 Â PBS þ 2% Triton X-100) for 10 min each and blocked with 2% normal donkey serum for 1 h. The discs dissected from larvae were incubated overnight at 4 1C in primary antibody. The discs were washed in PBST twice for 10 min each. The disc samples were incubated for B2 h in secondary antibodies and washed in PBST for 10 min. The discs were washed in PBST (2 Â 15 min), mounted in Vectashield mountant, and scanned on an Olympus (Center Valley, PA, USA) Fluoview 1000 confocal microscope. Pupal retinae dissected 24 h after puparium formation (APF) were processed essentially using the same protocol except that the sample was processed in a glass-well plate rather than a microfuge tube.
The following primary antibodies were used: rat a-Elav (1 : 50, DSHB), m-b-gal (1 : 300, DSHB) rb a-activated Drice (1 : 1000, B Hay), m a-DIAP1 (1 : 250, B Hay), rb a-Dronc (1 : 1000, B Hay), rb a-DLG (1 : 200, K Cho), m a-Cut (1 : 200, DSHB), gp a-Dronc (1 : 500, HD Ryoo), rb a-Yki (1 : 400, K Irvine), rt a-Hpo (1 : 250, G Halder), gp a-Hpo (1 : 2000, G Halder), m a-Phospho-Histone3 (1 : 100, Upstate, Millipore, Billerica, MA, USA), rb a-active Casp3* (1 : 250, Cell Signaling). Nuclei were marked by TOPRO (1 : 1500, Molecular Probes Inc.). The following secondary antibodies (Jackson Immunoresearch) were used: a-m Cy3 (1 : 1000), a-rb FITC (1 : 250) a-rb Cy3 (1 : 1000), a-gp Cy3 (1 : 1000), a-gp FITC (1 : 250), a-gp Cy5 (1 : 400), a-rt FITC (1 : 250), a-rat Cy3 (1 : 1000) and a-gp Cy5 (1 : 250).
TUNEL labelling was performed on the imaginal discs and pupal retinae using an in-situ cell death detection kit (Roche, Indianapolis, IN, USA) following the manufacturer's protocol.
Western blot. Eyeantennal discs were dissected in cold PBS, and lysed on SDS sample buffer. Western blots were performed according to standard protocols. The antibodies used were m-aDIAP1 (1 : 6000), gp-aDronc (1 : 6000), and m a-alpha Tubulin (Sigma, 1 : 10 000). Images were captured using the BioSpectrum 500 Imaging System (UVP, Upland, CA, USA). Figure 4j , total number of ommatidia in the adult eyes were counted for each genotype (n ¼ 5) and error bars indicate S.D. of mean. For twin-spot analysis in Figure 6c and f, clone sizes were determined by measuring mean pixel values using the Histogram function of Adobe Photoshop 5.5 (n ¼ 50). P-values were calculated using t-test (one-tailed) in Microsoft Office Excel 2007.
Statistical analysis. For counts presented in

